Total-energy local-density calculations on approximately 20 periodic crystal structures of a given AB compound are used to define a long-range Ising Hamiltonian which correctly represents atomic relaxations.
I. INTRODUCTION
The cluster expansion (CE) is a powerful method for extending the applicability of Grst-principles total-energy calculations to a large range of substitutional con6gura-tions. In the CE, a solid made up of A and B atoms is treated as a lattice problem, assigning a set of "spin" where the J's are "interaction energies, " and the first summation is over all sites in the lattice, the second over all pairs of sites, the third over all triplets, and so on. (1) is that often atoms move off their ideal lattice sites ("relaxation" ) and that when this happens the convergence of Eq. (1) becomes slow. i 2o Relaxation takes the form of "volume deformation" (compression and dilation of pure solid A and B to the equilibrium volume of configuration o) as well as the displacement of the unit cell vectors ("cell external relaxations") and symmetry-allowed atomic displacements within the unit cell ("cell-internal relax- ations"). The degree of relaxation scales2o with the relative A-to-B lattice size mismatch, the average bulk modulus, and inversely with the average phonon frequency squared. Relaxation in alloys has been observed by extended x-ray-absorption fine structure (EXAFS) In this work we apply the method both to a semiconductor system GaP-InP and to a transition-metal system Cu-Pd, using the LDA to construct Eq. (1) and the Monte Carlo s (MC) and simulated-annealing4s methods to perform ground-state searches for large unit cells and to solve for thermodynamic quantities. We also predict the degree of short-range order (SRO) in a simple and natural way, since our reciprocal-space energy expression is a function of the diffuse scattering intensity, which is the Fourier transform of the Cowley SRO parameters. 44'45 The paper is organized as follows: We present in Sec. II a brief summary of the mixed real-and reciprocal-space expression for the total energy. The interaction energies used in the total-energy expression are derived &om LDA calculations for a small set of ordered structures.
Section III describes the details of the LDA calculations, and how we extract the interaction energies from. them. The total-energy expression contains a reciprocal-space part that is AEcqs(k, x) 4z(1 -z) 
where Cu-Pd and about 2 meV/atom for the GaP-InP system.
We will see later (Sec. IIIB) that the cluster expansion fitting errors are equal or lower than these LAPW errors. For configurations with a large number of structural degrees of f'reedom, we calculate quantum-mechanical atomic forcess to aid the total-energy minimization process. Tables I and II While these two systems have a similar lattice constant mismatches (7.4% for GaP-InP and 7.3% for Cu-Pd) and form fcc-based solid solutions at high temperatures, they exhibit drastically different alloying behaviors at low temperatures: The Ga~In P phase separates into its constituents GaP and InP, while Cui Pd form ordered compoundssr (bcc-based CsCl structure at x 0.5 and fcc-based L12 structure
The reference energy of Eqs. (14) and (15) is computed from the harmonic elasticity [Eqs. (11) - (13)]. This requires fitting LDA calculations of AE'P'(k, aJ ) to
Eq. (12). The fitting parameters a and P are given in Table IV . Figure 3 compares the constituent strain energy AEcqs(k, z) in GaP-InP and Cu-Pd as predicted by the harmonic elasticity theory of Eqs. (11) - (13) (18) (11) - (13) 
than the linear average of E(n) and E(P), that is 'f E( ) 
where Sl l(k) is the initial value of S(k) and S(R, ) is the initial value of the spin that is Hipped on move i.
Since rejected moves do not change the spins, they make no contribution to subsequent moves. We now write the reciprocal-space energy after l accepted moves as
-"n + .. where c.c. stands for complex conjugate and [S * J](R) = g& J(k)S~1(k)e '"'n is the convolution of S~ol(R) and J(R), and we make use of the fact that both J(R) and [SeJ] L12 at x = 4, B2 at x = 2, L12 at x = 4, and D7 at x = = 7 8'
In the case of GaP-InP, the incoherent ground state predicted by our theory corresponds to global phase separation, but the coherent ground state is ordered (Table VI) corresponding at x = 2 to the chalcopyrite struc- (25) [also, the first term of Eq. (6)] is the total energy due to pair interactions, which in Table VII is symmetric about x = 2. The third term denotes the contributions &om many-atom interactions which is seen to be significant compared with the pair energy (it is neglected in the generalized perturbation methodis). Finally, the last term of Eq. (25) is the positive-definite direction-dependent constituent strain energy which is lower in these ordered structures than in the random alloy. What sets Cu-Pd and GaP-InP apart is the relative importance of the the constituent strain energy: For GaP-InP, the constituent strain energies overwhelm the other terms, so that EH ) 0. On the other hand, while for Cu-Pd, the constituent strain energies are close to those in GaP-InP, the dominant, chemically attractive Refs. 8, 11, 12, 64, 65 , this means that those ordered structures have a lower energy than the random alloy of the same composition, yet the energy of the relaxed de- composition products (GaP at aG p plus InP at ai"p) is still lower. However, if the decomposition products were held at the lattice constant a(z) of the homogeneous alloy ("coherent decomposition"), then the ordered structures will be stabler than these (unrelaxed) constituents. In this case (see Fig. 2 Saha, Koga, and Ohshima ). Figure 6(b) indicates, however, that the calculated interaction energies for shell NIt = 20 (R/ap --3) and beyond are extremely small and are thus difFicult to be determined accurately. Figure 9 shows that a similar conclusion can be reached by plotting JMp The plots are shown in the z-y fcc reciprocal plane, i.e. , [000] to [200] -and [000] to [020] -. The measured results depend quite sensitively on the sample and preparation condition, as can be seen from (LPS's) can be constructed from L12 units. Figure 11 and The calculated SRO for Gao 5Ino 5P is shown in Fig. 13 . at T = 1023 K. The measured short-range-order intensity has a broad peak along the I'-X ((h00)) line, with maximum near h = 0.6. We extracted eight (Jj's from eight LDA-calculated AEg;", t(o, ). We then obtain the a(R~") in a Monte Carlo simulation for the Nio 4Aue s alloy at T = 1500 K. Figure 14 shows the calculated SRO n(k, N&) (N& = 21) for the Nio4Auos alloy. We indeed observe the peak along the I'-X (h00) line, with the peak position at h -0.8. Thus Another interesting application of the CE is the stability of the one-dimensional L12-based long-period superstructure in Cu3Pd. Figure 11 shows only the LAPWcalculated excess energies for the LPS with a small number of atoms per unit cell (up to 16 atoms/cell) that are directly accessible to the first-principles method. Using the CE, we can thus extends the applicability of the firstprinciples method to larger unit cell, as shown in Fig. 16 
